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Abstract 30 
Granular activated carbon (GAC) is a commonly used technology for removal of per- and 31 
polyfluoroalkyl substances (PFAS). However, most studies characterizing PFAS absorption to 32 
GAC are performed in small bench-scale tests with synthetic groundwater, which poorly 33 
approximates conditions encountered in full-scale treatment systems. Pilot-scale studies, although 34 
somewhat rare, better predict full-scale performance due to realistic operating conditions. This 35 
study presents breakthrough results from a pilot-scale GAC system operated for seven months 36 
treating a continuous source of PFAS contaminated groundwater with four activated carbons, 37 
Calgon F400 and F600, and Norit GAC400 and GCN1240. Chain length dependent breakthrough 38 
was generally observed for perfluorocarboxylates (PFCAs) and perfluorosulfonates (PFSAs) 39 
where shorter chain PFASs broke through faster than longer chain PFASs. All tested GACs 40 
performed similarly for weakly adsorbing shorter chain PFASs, suggesting that GAC properties 41 
may not affect breakthrough for these PFASs. However, F400 and GAC400 performed 40-50% 42 
better than F600 and GCN1240 for strongly adsorbing long chain PFASs, which may be due to a 43 
higher volume of transport pores within F400 and GAC400. Breakthrough curves were fit by 44 
equilibrium and intraparticle diffusion models using the solid liquid partition coefficient (Kd). The 45 
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equilibrium model was found to be a better fit for the data and a more practical model. Model Kd 46 
outputs from the pilot study were compared against a separate batch study. Comparisons showed 47 
that batch study Kd values were larger for longer chain compounds and smaller for shorter chain 48 
compounds.  49 
 50 
Water Impact Statement:  51 
Per- and polyfluoroalkyl substances (PFASs) are recalcitrant compounds harmful to human 52 
health and are often treated by granular activated carbon (GAC). Pilot-scale systems may more 53 
accurately represent full-scale performance than lab-scale systems. Better adsorption was found 54 
for longer chained PFASs and GACs containing more transport pores. Breakthrough curves were 55 
model fitted and may provide breakthrough insights for other treatment systems. 56 
 57 
1.0 Introduction 58 
Widespread use of per- and polyfluoroalkyl substances (PFASs) in industrial and firefighting 59 
applications with aqueous film forming foams (AFFFs) has resulted in the detection of PFASs in 60 
soil, water, and human blood samples worldwide1-7. Once released, PFASs are persistent in the 61 
environment primarily due to the strength of the C-F bond at 441 kJ/mol8. PFASs are toxic to 62 
human health and have been implicated in developmental effects, liver toxicity, cancer, immune 63 
system impacts, and other health effects9-12. As a result, the U.S. Environmental Protection Agency 64 
(USEPA) issued life-time health advisories for two PFASs, perfluorooctanoic acid (PFOA) and 65 
perfluorooctane sulfonate (PFOS) at 70 ng/L individually or combined9, 10. 66 
 67 
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Remediation technologies for PFASs involve destructive technologies such as electrochemical, 68 
plasma, and UV processes13-15, separation technologies such as high-pressure membranes (i.e., 69 
nanofiltration or reverse osmosis)16, 17, and adsorption technologies such as granular activated 70 
carbon (GAC)18-22 and ion exchange (IX)23-25. Of these technologies, GAC and IX are currently 71 
widely used and accessible technologies for PFAS remediation. When GAC and IX are compared 72 
under the same experimental conditions, IX often adsorbs more PFASs than GAC21, 24, 26. However, 73 
many IX experiments have been performed in the absence of dissolved organic carbon (DOC) or 74 
competing anions which may affect IX adsorption performance27. In addition, IX generally has 75 
higher capital costs than GAC and regeneration of IX and disposal of regeneration wastes may 76 
also incur additional costs. Lastly, it is difficult to elucidate the mechanism of adsorption for many 77 
IX resins because they are proprietary27. As a result, GAC may still be as favorable as IX. 78 
 79 
PFAS removal with GAC has been well-studied using small, bench-scale experiments like batch 80 
isotherm tests19-22, 26, 28, 29 or rapid small-scale column tests (RSSCTs)18, 24, 26. However, there is a 81 
lack of PFAS removal data from pilot-scale GAC studies in the literature. Although there are 82 
drawbacks to pilot-scale testing such as cost and ease of operation, pilot-scale experimental 83 
conditions including feed water composition of organic contaminants and organic matter, GAC 84 
particle size, and contaminant concentration ranges are more representative of full-scale 85 
performance than batch studies or RSSCTs. 86 
 87 
Feed water composition can significantly impact adsorption of organic contaminants with GAC. 88 
When the influent concentration of organic contaminants or DOC fluctuates, like in full-scale 89 
systems, adsorption and desorption equilibrium can also fluctuate, resulting in a dynamic 90 
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equilibrium30-34. DOC can significantly decrease sorption of organic contaminants due to 91 
competitive adsorption, pore blockage, reduced mass transfer surface area, and changes in film 92 
mass transfer coefficient18, 30, 35-38. Film mass transfer coefficient may decrease as a result of 93 
increased local fluid viscosity36, 39, 40. These feed water composition effects can be simulated in 94 
pilot-scale systems and RSSCTs assuming a constant flow of real contaminated groundwater. 95 
However, RSSCT results may still deviate from pilot-scale results. In studies comparing pilot-96 
scale and RSSCT studies for trichloroethylene (TCE) removal, breakthrough occurred faster at the 97 
pilot-scale35, 41. As a result, scaling factors have been suggested for RSSCTs to match pilot-scale 98 
systems for removal of organic contaminants like atrazine, DEET, simazine, and prometon35. On 99 
the other hand, the effect of changing influent concentrations cannot be observed in batch studies 100 
where no flow occurs and static equilibrium conditions with constant concentrations exist. 101 
Isotherm parameters have been used to predict pilot-scale results with atrazine; however, a scaling 102 
factor is still necessary36. 103 
 104 
Particle size and distribution also have a significant impact on adsorption. In many cases, RSSCT 105 
and batch studies utilize pulverized GAC to eliminate GAC size uniformity variations because 106 
small masses are used (100 mg) and because GAC typically has high uniformity coefficients (UC 107 
= 1.5-2) used to promote stratification during backwashing39. GAC is also pulverized in RSSCTs 108 
to a ratio of 1:30 particle size to column diameter to prevent wall or channeling effects39. However, 109 
pulverized GAC is not representative of pilot- or full-scale operations, which uses unpulverized 110 
GAC. It has been demonstrated that pulverized GAC has a larger adsorption capacity than 111 
unpulverized GAC35, 37, 39. For example, a recent study found that sub-micron powdered activated 112 
carbon, a highly pulverized activated carbon, had an adsorption capacity for PFASs 480 times 113 
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larger than GAC42. In another study observing PFAS adsorption with an AFFF contaminated water 114 
using different sieved particle sizes of the same GAC, the smallest particle size demonstrated the 115 
greatest removal of PFOA and PFOS after 5 days of equilibration20. As GAC particles are ground 116 
smaller, the available surface area exposed to the bulk flow is greater, resulting in more adsorption. 117 
When DOC is present, the presence of more exposed surface area also alleviates the pore blocking 118 
effects of DOC35. As a result, the use of pulverized GAC in RSSCT and batch studies will likely 119 
overestimate breakthrough times and adsorption capacities for pilot- and full-scale adsorption 120 
systems. 121 
 122 
Lastly, batch studies and some RSSCTs generally use concentrations in the high µg/L or mg/L 123 
range while concentrations practitioners or municipalities work with downstream of point source 124 
contaminations are generally in the ng/L or low μg/L range2, 6, 38, 43-45. Because predictions outside 125 
of isotherm concentration ranges should not be made, this makes batch-scale to full-scale 126 
extrapolations even more difficult. In a study observing isotherm data for nonylphenol, it was 127 
found that using an isotherm obtained at high concentrations to predict adsorption at a much lower 128 
concentration lead to a substantial overestimation of nonylphenol removal46. 129 
 130 
The lack of PFAS breakthrough data representative of full-scale GAC performance was addressed 131 
in this study with a pilot-scale GAC system operated for 7 months treating a continuous source of 132 
real PFAS-contaminated groundwater. In addition, four different virgin, unpulverized GACs were 133 
tested and compared against each other. Pilot-scale data was then fit by two models: an 134 
instantaneous equilibrium model and an intraparticle diffusion model. This study provides new 135 
insight into the use of GAC for PFAS removal in pilot-scale systems with real contaminated 136 
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groundwaters, which will provide guidance for assessing PFAS breakthrough for future academic 137 
studies, practitioners, and regulators. 138 
 139 
2.0 Materials and Methods 140 
2.1 Pilot System Operation 141 
An automated pilot-scale system was constructed to compare four commercially available granular 142 
activated carbons. The system was deployed at a PFAS-contaminated wellhead at a city in 143 
Colorado. AFFF was assumed to be the primary source of PFAS contamination due to the 144 
proximity of firefighting training areas. Well water was fed at 2 gallons per minute (GPM), filtered 145 
through a 50 μm cartridge filter, and diverted into each column at 0.5 GPM. Flow rate through 146 
each column was regulated using automated valves, which were controlled by a supervisory 147 
control and data acquisition (SCADA) system. The GAC columns were packed to 10 minutes 148 
empty bed contact time (EBCT). The system ran for approximately 7 months or 30,000 bed 149 
volumes with 5 samples taken daily (1 influent, 4 effluent). 32 total time points were processed. 150 
Prior to operation, the GACs were soaked in deionized water for 24 hours and backwashed to 30% 151 
bed expansion. Column dimensions and a system schematic are provided in Table S1 and Figure 152 
S1 in the electronic supplementary information (ESI). 153 
 154 
2.2 GAC Properties 155 
Four commercially available GAC products including Filtrasorb 400 (F400) and Filtrasorb 600 156 
(F600) from Calgon Carbon Corporation (Pittsburgh, PA) and GAC400 and GCN1240 from Cabot 157 
Norit Corporation (Boston, MA) were selected for testing. Brunauer–Emmett–Teller (BET) 158 
surface area, total pore volume, and micro, meso, and macro pore percentages were determined 159 
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using a Micrometrics TriStar II surface area and porosity analyzer (Norcross, GA). Additional 160 
parameters were provided by commercially available data sheets. GAC properties are shown in 161 
Table 1. Carbons were chosen based on differences in material, BET surface area, and pore 162 
distribution to better understand impact of carbon type on PFAS removal. 163 
 164 
Table 1. Activated carbon physical properties 165 
 
Calgon 
F400 
Norit 
GAC400 
Calgon 
F600 
Norit 
GCN1240 
Material Coal Coal Coal Coconut 
BET Surface Area (m2/g) 785 963 614 1107 
Total Pore Volume (cm3/g) 0.27 0.30 0.16 0.21 
Micropore Volume (cm3/g) 0.05 0.05 0.03 0.09 
Mesopore Volume (cm3/g) 0.17 0.19 0.09 0.11 
Macropore Volume (cm3/g) 0.05 0.06 0.04 0.01 
Iodine Number (mg/g) * 1000 1000 850 1000 
Effective Size (mm) * 0.55-0.75 0.7 N/A 0.6 
Apparent Density (g/mL) * 0.54 0.49 0.62 0.51 
Mass in Column (kg) 10.2 11.7 9.3 9.6 
* Company provided data sheet 166 
 167 
2.3 Analytical Methods 168 
Influent water samples were tested monthly for DOC using a Shimadzu TOC-L (Columbia, MD), 169 
major anions with ion chromatography (IC) using a Dionex ICS-90 (Sunnyvale, CA), and major 170 
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cations with inductively coupled plasma atomic emission spectroscopy (ICP-AES) using a Perkin-171 
Elmer Optima 5300 (Fremont, CA). Primary water quality parameters include: DOC: 2.7 ± 0.6 172 
mg/L, pH: 7.56 ± 0.4, turbidity: 0.53 ± 0.4 NTU, alkalinity: 249 ± 23.3 as CaCO3, Ca: 116.3 ± 0.8 173 
mg/L, Mg: 34.2 ± 0.2 mg/L, Na: 105.1 ± 8.6 mg/L, and S: 72.9 ± 2.3 mg/L. 174 
 175 
All PFAS samples were collected in 15 mL pre-weighed polypropylene Falcon (Corning, NY) 176 
tubes. All reagents used in PFAS analytical methods were Fisher Scientific Optima LCMS grade 177 
(Hampton, NH) including water, methanol, isopropanol, and ammonium hydroxide. Samples were 178 
injected into a SCIEX X500R QTOF System for PFAS analysis (Framingham, MA). The 179 
analytical column used was a Phenomenex Gemini C18, 5 µm, 100 mm x 3 mm (Torrance, CA). 180 
Additional information on the PFAS sample processing method is presented in detail in the ESI. 181 
Calibration curve concentrations ranged from 0.74 ng/L to 7400 ng/L. Generally, these values 182 
represented the limits of quantification (LOQ). 183 
 184 
2.4 Modeling  185 
Two models were used to fit PFAS breakthrough curves using a solid liquid partition coefficient, 186 
Kd, in Matlab (MathWorks®, Inc.): an instantaneous equilibrium model and an intraparticle 187 
diffusion model47. Model input parameters and equations are described in detail in the ESI. 188 
 189 
3. Results and Discussion 190 
3.1 Breakthrough Curves  191 
The influent water consisted of ten quantifiable PFASs with varying influent concentrations 192 
presented in Figure S2. For breakthrough analysis purposes, the influent concentration was 193 
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averaged over time as shown in Table 2. The relative abundance of various PFASs in the influent 194 
water are indicative of AFFF contamination. Relative to other compounds in the mixture, AFFF 195 
formulations generally contain very high levels of PFOS and PFHxS, high levels of PFPeA, 196 
PFHxA, and PFOA, and low levels of PFHpA, PFBS, and PFHpS3, 20, 48. Although at low 197 
concentrations, the relative levels of influent PFASs in the groundwater used for this study show 198 
similar trends. Breakthrough curves of C/C0 verses bed volumes (BV), where C is the effluent 199 
concentration (ng/L) and C0 is the average influent concentration (ng/L), are shown in Figure 1. 200 
 201 
Table 2. Average concentrations and standard deviations of 32 influent samples over 7 months. 202 
Compound Abbreviation Average Influent 
Concentration (ng/L) 
Standard 
Deviation (ng/L) 
Perfluoropentanoate PFPeA 16.3 5.9 
Perfluorohexanoate PFHxA 18.4 3.5 
Perfluoroheptanoate PFHpA 6.6 3.9 
Perfluoroctanoate PFOA 21.6 3.6 
Perfluoropropanesulfonate PFPrS 3.3 1.1 
Perfluorobutanesulfonate PFBS 2.4 0.4 
Perfluoropentanesulfonate PFPeS 9.4 2.0 
Perfluorohexanesulfonate PFHxS 42.0 7.6 
Perfluoroheptanesulfonate PFHpS 1.2 0.3 
Perfluorooctanesulfonate PFOS 50.6 16.3 
 203 
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 204 
Figure 1. Breakthrough curves showing C/C0 of each carbon verses bed volumes for four 205 
commercially available carbons with a continuous feed of PFAS contaminated groundwater. Left 206 
column shows PFCA breakthrough and right column shows PFSA breakthrough. In general, 207 
chain length dependent breakthrough is observed for all carbons. 208 
 209 
Despite the differences in influent concentration and water matrix effects, chain length dependent 210 
breakthrough was generally observed where longer chain compounds, or more hydrophobic 211 
compounds, broke through later than shorter, or less hydrophobic compounds. As chain length 212 
increases, hydrophobicity increases as represented by increasing log Koc values49. PFHpA and 213 
PFHpS were exceptions to this trend, which is addressed below. Chain length dependent 214 
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breakthrough was also observed in other studies with multiple PFASs18, 20, 24, 28. Shorter chain or 215 
weaker adsorbing compounds are expected to break through faster because of lower van der Waals 216 
hydrophobic adsorbing forces50. Shorter chain PFASs may also be easily displaced and desorbed 217 
by stronger adsorbing PFASs or DOC resulting in faster breakthrough38, 51. Desorption of shorter 218 
chain compounds like PFPeA and PFPrS is corroborated by a C/C0 greater than 1 towards the end 219 
of the breakthrough curve. On the other hand, longer chain PFASs adsorb more strongly and are 220 
less easily displaced resulting in later breakthrough. 221 
 222 
The later breakthrough of PFHpA and PFHpS compared to PFOA and PFOS, respectively, may 223 
be due to the presence of specific sorption sites that are the most energetically favorable for PFHpA 224 
and PFHpS sorption compared to other PFASs, or sorption sites that stronger adsorbing 225 
compounds like PFOA or PFOS cannot access due to steric effects. The combination of favorable 226 
sorption sites for PFHpA and PFHpS and the low influent concentrations of PFHpA and PFHpS 227 
may therefore result in later breakthrough. Future research is needed to investigate the influence 228 
of different influent concentrations on breakthrough performance of GAC. 229 
 230 
3.2 Carbon Comparisons 231 
A comparison between the masses of PFASs adsorbed at 5% breakthrough (C/C0 = 0.05) is shown 232 
in Figure 2. C0 values used were averaged influent concentrations. For shorter chain compounds 233 
like PFPeA, PFPrS, and PFBS, the mass adsorbed at breakthrough is about the same, suggesting 234 
that carbon type may not play a significant role in adsorption for these shorter chain compounds. 235 
However, as chain length increases, F400 and GAC400 significantly outperformed F600 and 236 
GCN1240 by 40-50% in mass absorbed at breakthrough for longer chain compounds like PFHxA, 237 
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PFOA, PFPeS, PFHxS, and PFOS. This may be due to the high volumes of transport pores in F400 238 
(0.22 cm3/g) and GAC400 (0.25 cm3/g) compared to F600 (0.13 cm3/g) and GCN1240 (0.12 239 
cm3/g). Mass transport of contaminants in GAC follows four steps: bulk solution transport, film 240 
resistance to transport, intraparticle transport, and adsorption39, 52. Transport pores, or presence of 241 
mesopores and macropores, have been implicated as an important factor for effective PFAS 242 
removal, especially for longer chain PFASs. This is likely due to faster diffusion through larger 243 
pores and therefore less limitations from intraparticle diffusion resulting in better utilization of 244 
sorption surface area and a better performing carbon18, 19. On the other hand, carbon type appeared 245 
to matter less for shorter chain compounds likely because these compounds experience less 246 
intraparticle diffusion limitations and consequentially, are less affected by the presence of transport 247 
pores. 248 
 249 
Figure 2. Adsorbed PFAS mass per gram of carbon at 5% breakthrough for all carbons tested. 250 
F400 and GAC400 appear to perform better than F600 and GCN1240 for longer chain PFASs 251 
likely due to a higher percentage of transport pores. However, for shorter chain compounds, 252 
carbon type appears to matter less. 253 
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 254 
BET surface area may also affect carbon performance. The percentage of transport pores for the 255 
bituminous coal carbons F400, GAC400, and surprisingly a poorer performing carbon, F600, are 256 
about the same at 81%, 83%, and 81%, respectively. However, because F600 has the lowest surface 257 
area of the three, the overall concentration of transport pores and consequentially, the overall 258 
available adsorption area may be less resulting in poor performance. GCN1240 on the other hand 259 
has the highest BET surface area but has the lowest percentage of transport pores at 57% percent, 260 
likely rendering a significant portion of surface area unused for PFAS adsorption because of 261 
intraparticle diffusion limitations. In fact, coconut carbons like GCN1240 are inherently 262 
microporous52 and may not be ideal for sorption of larger contaminants like PFASs. 263 
 264 
Sulfonates, especially longer chain sulfonates, appear to adsorb more than carboxylates prior to 265 
breakthrough. Batch studies have also corroborated these observations by finding PFOS to have a 266 
higher adsorbability than PFOA19, 21, 29. The difference in adsorption between PFOS and PFOA 267 
may be largely due to PFOS being more hydrophobic than PFOA given the additional 268 
perfluorinated C on PFOS. It has also been suggested that PFOS may adsorb more than PFOA 269 
because of possible hemimicelle formation within the carbon pores. Hemimicelles may form at 270 
0.001-0.01 of the critical micelle concentration (cmc)53 and the predicted cmc for PFOS is 4573 271 
mg/L and 15,696 mg/L for PFOA21. Despite the low influent concentrations of PFOS in this study 272 
(55.7 ± 21.3 ng/L), the system was operated for seven months and the total mass accumulated over 273 
time within the carbon increases the possibility of hemimicelle formation. Although unexplored, 274 
it may also be possible that other long chain PFASs may contribute to formation of a heterogenous 275 
micelle composed of many different PFASs. 276 
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 277 
3.4 Modeling 278 
Column breakthrough curves were fit with a solid liquid partition coefficient (Kd) by minimizing 279 
the sum of the squared residuals (SSR) using two models: an instantaneous sorption equilibrium 280 
model and an intraparticle diffusion model. The intraparticle diffusion model includes a tortuosity 281 
(τ) term which cannot be directly measured and is typically estimated through theoretical 282 
approaches. However, many of these theoretical approaches rely on unrealistic ideal geometries54, 283 
55. If tortuosity is not estimated through these theoretical approaches, it is then used as an adjustable 284 
factor in model fits and may not bear any meaning pertaining to specific sorbates or sorbents54. 285 
Tortuosity has been indirectly measured by studies with activated carbon showing values ranging 286 
between 1 and 656, 57. Figure S3 and Table S8 in the ESI show the results of changing tortuosity at 287 
the same Kd value for the intraparticle diffusion model; as tortuosity increases, the fit was worse 288 
and the SSR increased. Therefore, due to the uncertainties associated with tortuosity, an unbiased 289 
best-case fit with a value of τ = 1 was chosen for the sake of comparison between the models. 290 
 291 
The equilibrium model assumes instantaneous sorption equilibrium and no diffusion limitations 292 
between the sorbent and sorbate. The intraparticle diffusion model assumes non-equilibrium 293 
sorption conditions due to intraparticle diffusion limitations, typically resulting in breakthrough 294 
curves influenced by fronting and tailing47. Fronting is early breakthrough of compounds due to 295 
incomplete equilibrium between sorbent and sorbate during the column passage, which may be 296 
due to slow intraparticle diffusion hindering access to sorption sites within the core of the GAC 297 
particles58. Similarly, tailing is primarily due to incomplete equilibrium between sorbent and 298 
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sorbate during the desorption process, where release of sorbate molecules from the core of the 299 
GAC particles occurs slowly and time to complete breakthrough is longer58.  300 
 301 
Intraparticle diffusion model fits at τ = 1 and equilibrium model fits are shown in Figure 3 for one 302 
of the best performing carbons, F400, and comparisons between SSR values for both models are 303 
shown in Figure 4. Model breakthrough curve fits and Kd values for all carbons are shown in 304 
Figures S4 and S5 and summarized in Tables S6 and S7 in the ESI, respectively. 305 
 306 
 307 
Figure 3. Model fits for one of the best performing carbons, F400. Left column shows PFCAs 308 
and right column shows PFSAs. Top row shows equilibrium model fits and bottom row shows 309 
intraparticle diffusion model fits at τ=1. While the pilot data exhibits some fronting and tailing in 310 
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comparison with the equilibrium model fits, the intraparticle diffusion model fits at τ=1 appear to 311 
overexpress fronting and tailing.  312 
 313 
Figure 4. SSR comparisons between intraparticle diffusion and equilibrium model fits for F400. 314 
A larger SSR value denotes a worse fit. Shorter chain compounds appear to fit the equilibrium 315 
model better, while the intraparticle diffusion and equilibrium models appear to fit longer chain 316 
compounds equally well. 317 
 318 
The equilibrium model fit breakthrough data for shorter chain and weakly adsorbing compounds 319 
like PFPeA, PFHxS, PFPrS, and PFBS better than the intraparticle diffusion model as shown in 320 
Figures 3 and 4. This may be because these compounds are less affected by intraparticle diffusion 321 
limitations resulting in a faster time to equilibrium. For longer chain and strongly adsorbing 322 
compounds like PFHpA, PFOA, PFHxS, PFHpS, and PFOS, both equilibrium and intraparticle 323 
diffusion models appear to fit breakthrough data well. Intraparticle diffusion effects are still 324 
somewhat relevant as evidenced by some fronting and tailing in comparison with equilibrium 325 
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model fits. However, the intraparticle diffusion model appears to overexpress fronting and tailing 326 
in the model fit. It has been previously reported based on concentration profiles measured within 327 
GAC particles, that GAC macropores enable faster intraparticle diffusion than shown by the 328 
intraparticle diffusion model59. Water matrix effects like DOC may also influence model fits. DOC 329 
may reduce sorption capacity leading to faster breakthrough, resulting in less fronting and tailing 330 
and better fits to the equilibrium model. Another explanation may be because complete 331 
breakthrough was not observed for some PFASs, and model fits may change with complete 332 
breakthrough.  333 
 334 
The model fitting trends were similar for other carbons as well. The difference between the 335 
intraparticle diffusion model SSR values and equilibrium model SSR values are shown in Figure 336 
5. Because a higher SSR value denotes a worse fit, a positive difference between the intraparticle 337 
diffusion model SSR and equilibrium model SSR means a stronger fit for the equilibrium model 338 
while a negative difference means a stronger fit for the intraparticle diffusion model.  339 
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Figure 5. Difference between intraparticle diffusion model SSR and equilibrium model SSR. 341 
Positive values indicate stronger equilibrium model fits and negative values indicate stronger 342 
intraparticle diffusion model fits. Across all carbons, in general, the equilibrium model appears 343 
to fit shorter chain compounds better than the intraparticle diffusion model. For longer chain 344 
compounds, in general, the equilibrium and intraparticle diffusion models appear to fit equally as 345 
well. The equilibrium model may be a better and more practical model fit. 346 
 347 
Despite a few outliers, the equilibrium model in general, fits the data as well as, if not better than 348 
the intraparticle diffusion model for all carbons and PFASs present in the influent. The equilibrium 349 
model may also be a more practical modeling approach for practitioner purposes. This is because 350 
the equilibrium model inherently includes a safety factor by reaching GAC exhaustion faster than 351 
shown by the pilot breakthrough data, while the intraparticle diffusion model expresses GAC 352 
exhaustion slower than the pilot breakthrough data. Lastly, the equilibrium model may also be 353 
more advantageous than the intraparticle diffusion model due to model simplicity and fewer fitting 354 
parameters. 355 
 356 
Comparisons and Practical Implications 357 
Xiao et al. 201720 determined Kd values from small batch-scale tests using a microporous carbon60, 358 
61, the Calgon Filtrasorb 300 (F300), a carbon not tested in this study. A comparison between Kd 359 
values determined from F300 batch studies verses the Kd values determined for all carbons tested 360 
in this study from the equilibrium model fit of pilot-scale data is provided in Figure 6. In general, 361 
the Kd values from the batch study are smaller for shorter chain compounds and larger for longer 362 
chain compounds compared to the Kd values from the equilibrium model fit. This suggests that 363 
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batch derived Kd values may predict a longer time to breakthrough, or larger adsorption capacity, 364 
for longer chain compounds and a shorter time to breakthrough, or smaller adsorption capacity, 365 
for shorter chain compounds. This may not be ideal, especially for longer chain compounds like 366 
PFOA and PFOS which are under health advisories. 367 
 368 
The differences between observed Kd values from batch and pilot studies may be due to DOC. 369 
Although a high DOC concentration of 46 mg/L was used in the batch study with F30020, GAC in 370 
flow-through column studies with a continuous source of groundwater is exposed to significantly 371 
higher DOC masses over time suggesting that batch studies may not accurately represent the 372 
impact of DOC on adsorption. In addition, potential GAC fouling by biofilms and solid precipitates 373 
may also influence GAC performance to a greater degree at the pilot-scale than at batch-scale.  374 
 375 
Practitioners could estimate breakthrough of PFASs using the equilibrium model by inputting 376 
different PFAS feed concentrations, system constants described in Table S2, and by using the 377 
derived Kd values from the equilibrium model fits provided in this study. While neither the 378 
equilibrium nor intraparticle diffusion models allow for water quality inputs, the derived Kd values 379 
inherently include impacts of water quality on PFAS breakthrough with GAC. However, 380 
predictions may only be accurate for similar water qualities. For PFASs not included in this study, 381 
Kd values can be interpreted from a linear regression relationship relating chain length verses Kd 382 
for both models in Tables S9 and S10.  383 
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 384 
Figure 6. Comparisons between equilibrium model Kd values for all GACs and batch study Kd 385 
values for F300 from Xiao et al 201720. In general, the Kd values from the F300 batch study are 386 
larger for longer chain compounds and smaller for shorter chain compounds compared to the Kd 387 
values for the pilot study. 388 
 389 
Conclusions and Implications 390 
GAC breakthrough was observed for 10 different PFASs using contaminated groundwater through 391 
a 7-month long pilot-scale system comparing four commercially available activated carbons. In 392 
general, chain length dependent breakthrough was observed with exceptions for PFHpA and 393 
PFHpS. The non-chain length dependent breakthrough behavior of PFHpA and PFHpS may be 394 
due to a combination of low influent concentrations and favorable sorption sites. Carbon type 395 
appeared to matter less for shorter chain compounds; however, F400 and GAC400 performed 40-396 
50% better than F600 and GCN1240 for longer chain compounds most likely due to higher 397 
percentages of transport pores resulting in less intraparticle diffusion limitations. Pilot-scale 398 
breakthrough results were fitted with two models: an equilibrium and an intraparticle diffusion 399 
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model. The equilibrium model was found to provide a better fit to the breakthrough data and to be 400 
a more practical model. Comparing Kd values between equilibrium model fits and a separate batch 401 
study showed differences in Kd values, which may have been influenced by experimental 402 
differences between batch-scale and pilot-scale. The results and modeling efforts of this pilot-scale 403 
study using a using a continuous source of real contaminated water therefore provides a better 404 
understanding of real world GAC PFAS breakthrough behavior for future academic studies, 405 
practitioners, and regulators. Future studies should continue to investigate the impact of different 406 
water matrices, especially varying concentrations of DOC, and varying influent concentrations of 407 
different PFASs on GAC breakthrough using real water in column studies. A comprehensive 408 
library of Kd values representative of a wide and diverse range of water matrices can then be 409 
derived from these studies to provide better guidance for practitioners using GAC to remove 410 
PFASs. 411 
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